ABSTRACT Intestinal mucin 2 (MUC2), a major gelforming mucin, represents a primary barrier component of mucus layers and a target site for secretory IgA. Polymeric Ig receptor (pIgR) expressed on the basolateral surface of epithelium is used to transport polymeric IgA from the lamina propria into luminal mucins to establish the first lines of intestinal defense. To determine the spatio-temporal expression of MUC2, IgA, and pIgR in broiler chickens and Pekin ducks, intestinal tissues (n = 6/age) were dissected from late embryonic days up to 21 d posthatch. In the intestinal tissues, MUC2 was expressed with a rapid increase at hatching, followed by steady expression through 21 d posthatch both in chickens and ducks. IgA expression was low during the first week following hatching for both species. From the second week posthatch, IgA was rapidly expressed in the chickens, arriving at steady expression in the third week after hatching. However, in ducks, IgA expression during the 2 to 3 wk posthatch period was relatively slow. The expression of pIgR was greatly increased after hatching for both species, but its expression in ducks was relatively delayed. In addition, intestinal pIgR expression was highly correlated with MUC2 and IgA expressions in chickens but just moderately correlated in ducks. The relatively slow and late expression of IgA and pIgR as well as their moderate correlation may or may not account for the susceptibility of ducklings to mucosal pathogens at a young age.
INTRODUCTION
The intestinal mucosa of birds comes into contact with a diverse array of pathogenic and nonpathogenic microorganisms. To maintain intestinal homeostasis, the secretory immune system of mucosa, secretory IgA (sIgA) with the flowing mucus, has evolved to form the first lines of defense to limit epithelial contact with and penetration by intestinal microbiota and other potentially dangerous antigens (Everett et al., 2004; Macpherson and Harris, 2004; Honda and Takeda, 2009) .
Mucus is a viscous gel-like material covering the gastro-intestinal mucosal surface. The major component of intestinal mucus is secretory mucin 2 (MUC2), which is produced by goblet cells and is in direct contact with gut bacteria (Deplancke and Gaskins, 2001; Jiang, 2011; McGuckin et al., 2011) . In addition to its function as a physical barrier, mucus bound with a variety of bacterial species facilitates the formation of sIgAmediated immune defense, which not only prevents invasion of the intestinal epithelial cells by gut bacteria C 2015 Poultry Science Association Inc. Received August 11, 2014 . Accepted September 23, 2014 Corresponding author: applegt@purdue.edu but may selectively facilitate adherent growth of normal gut flora (Everett et al., 2004) .
The existence of sIgA in avian species has been established for quite some time (Bienenstock et al., 1973) , but study of this topic is relatively limited compared to mammals. In humans, it is estimated that approximately 80% of IgA-secreting cells in the body reside in the gut mucosa (Everett et al., 2004; Brisbin et al., 2008; Slack et al., 2012) . In general, the high affinity and specificity of "classical" IgA produced from T cell-dependent (TD) pathways are thought to protect intestinal mucosal surfaces against colonization and invasion by pathogens and more invasive commensal species, such as segmented filamentous bacteria (Brisbin et al., 2008; Slack et al., 2012) . Conversely, low-affinity IgA antibodies developing from T cellindependent (TI) pathways can be coated with commensal bacteria, which would enhance the competitive inhibition of pathogens and, finally, reinforce the barrier function (Everett et al., 2004; Brisbin et al., 2008; Slack et al., 2012) . Therefore, IgA can play a role both during a steady-state (unperturbed) condition as well as during an infection.
IgA is predominantly in a monomeric form in the blood, whereas in secretions, it is found in a polymeric configuration both in mammals and birds (Snoeck et al., 2006; Brisbin et al., 2008) . Polymeric IgA (pIgA) secreted by plasma cells accumulates in the lamina propria. To exert its protective effect, pIgA must be transported to the intestinal lumen across epithelial cells. This process is mediated by the polymeric immunoglobulin receptor (pIgR), which is expressed on the basolateral surface of epithelial cells. Upon transport of pIgA, cleavage of the extracellular portion of pIgR results in release of secretory component (SC) as part of the sIgA complex. In this format, IgA is thought to be protected against degradation by proteases and pH fluctuations in the gut. Excess unoccupied pIgR is released by cleavage to form the so-called free SC. Finally, N-glycans of SC attach themselves or sIgA into the mucus layers (Kaetzel, 2005) . Thus, to some degree, pIgR is essential for connecting mucus and sIgA.
Although the development of intestinal immunity in chickens has been studied before (Bar-Shira et al., 2003; Lammers et al., 2010) , knowledge of the dynamics of the secretory immune system prior to and after hatching, in conjunction with mucins, is limited. Moreover, studies on the developing intestinal immune systems of birds are confined to chickens. Therefore, this study was initiated to determine spatio-temporal expressions of IgA, pIgR, and mucin as well as their correlations in chickens and ducks from the late embryonic period to 21 d posthatch.
MATERIALS AND METHODS

Tissue Collection
Fertile commercial broiler eggs (Ross 700, Aviagen, Huntsville, AL; n = 120) and Pekin duck eggs (Maple Leaf Farms, Leesburg, IN; n = 120) were obtained and incubated in Jamesway incubators (Jamesway Incubator Company Inc., Cambridge, Ontario, Canada). Beginning on embryonic d 14 (E14) for chickens and embryonic d 19 (E19) for ducks, ilea and ceca (n = 6/age stage) were collected at 11 age stages as shown in Table 1 . The collected tissues were placed in RNALater (Ambion Inc., Austin, TX) and frozen at −80 • C until RNA extraction. As growth proceeded, less intestinal tissue was required for RNA extraction. Therefore, the mid-length ileal and cecal portions were sampled posthatch. For chickens, the right cecal tonsil was collected starting on the day of hatching, and it was visibly dissected. For ducks, the right cecal tonsil was collected at all of the 11 age stages. The embryonic collection day for the ducks was established using the following mathematical equation: d = (28/21) × embryonic d for chicken, where embryonic d 28 (E28) is the hatching day of ducks, embryonic d 21 (E21) is the hatching day of chickens (Karcher et al., 2005) . The normalized days of embryonic development between species allowed easier interspecies comparison. All procedures and protocols were approved by the Purdue University Animal Care and Use Committee.
RNA Extraction and First Strand cDNA Synthesis
Total RNA extraction from intestinal tissues was performed using Trizol Reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's recommendations. RNA concentrations were determined by Nanodrop 1000 (Thermo Scientific, Waltham, MA), and RNA integrity was verified by 1% agarose gel electrophoresis. Extracted RNA was purified with DNA-free DNase Treatment and Removal Kit (Ambion Inc., Austin, TX) to eliminate contaminating DNA. Total RNA from each sample was reverse transcribed into cDNA using the MMLV reverse transcription system (Promega, Madison, WI), and cDNA was then diluted 1:10 with nuclease-free water (Ambion) before being used for real-time PCR.
Quantitative Real-Time PCR Analysis
Real-time PCR was performed on the Bio-Rad iCycler with the Faststart SYBR green-based mix (Roche, Basel, Switzerland). The primer sequences used for real-time PCR are listed in Table 2 . Primer specificity and efficiency were determined by using pooled samples. All primer sets with DNA amplification efficiencies between 90 and 110% were used for analysis. All reactions were analyzed in duplicate, and a percentage difference lesser than or equal to 5% was deemed acceptable. A no-reverse transcription control was used from a pool of RNA samples. Water served as a no-template control. Three segments of reactions were run: 1 cycle at 95
• C for 10 min; 40 cycles at 95
• C for 30 s, 55
• C for 30 s, and 72
• C for 30 s; and 1 cycle at 95
• C for 1 min, 55
• C for 30 s, and 95
• C for 30 s. Quantification of target transcripts was done with the ΔΔ Ct method (Livak and Schmittgen, 2001 ) with normalization against the GAPDH (housekeeping gene). In addition, plate variation was observed among the multiple plates analyzed per gene. Therefore, all Ct values for a single gene were normalized to a common sample on each plate to reduce the plate effect (Karcher et al., 2009 ). The PCR product from the pooled sample for chickens and ducks was sequenced at the Purdue University Low Throughput Laboratory to verify the target amplicon versus the predicted sequence (National Resource for Molecular Biology Information, 2013).
Statistical Analysis
All data were log transformed and analyzed across species using the GLM procedure in SAS system (SAS 9.3) with least squares means separations for multiple means comparisons. The experimental unit was individual bird (n = 6/age stage). Significance for mean differences was set at P < 0.05. Pearson correlation coefficients were calculated to quantify associations between expression of pIgR and expression of MUC2/IgA.
RESULTS
MUC2 Gene Expression
In chickens, the relative mRNA levels of ileal and cecal MUC2 were low before hatching. However, in the ileum, at hatching day (E21) and posthatch 1 d (PH1), MUC2 showed a 2 log and 0.5 log increase, respectively (P < 0.05; Figure 1a) , whereas in the cecum, there was only a 1 log increase at E21 (P < 0.05, Figure 1b) . Because no cecal tonsils were collected before hatching, it was not clear whether a rapid increase of MUC2 also occurs at hatching day (Figure 1c ). After PH1, the MUC2 in all 3 intestinal sections was steadily expressed through PH21 (Figure 1a, b, c) . Similarly, in ducks, the relative mRNA levels of MUC2 in all 3 intestinal sections were low before hatching. At hatching day (E28), MUC2 showed a 2 log increase (P < 0.05), followed by steady expression through PH21 (Figure 1d , e, f).
IgA Gene Expression
In both chickens and ducks, IgA expression was relatively low in all 3 intestinal sections until the first surges at PH7 (P < 0.05, Figure 2 ). In chickens, the highest IgA expression in the ileum was achieved at PH21 (Figure 2a) , while in the cecum it was at PH14 (Figure 2b) , and in the cecal tonsil it was at PH7 (Figure 2c ). However, in ducks, IgA expression in all the 3 intestinal sections remarkably increased at PH21 compared with the value at PH14 (P < 0.05; Figure 2d , e, f). These different spatio-temporal changes of IgA expression in ducks may indicate that the development of IgA expression in ducks is relatively slow.
PIgR Gene Expression
In chickens, pIgR expression in the ileum and cecum was detected as early as E14. In the ileum, the relative mRNA level of pIgR exhibited a 1 log increase at hatching day (E21; P < 0.05) and a 2 log increase at PH1 (P < 0.05; Figure 3a ). In the cecum, there was a 2 log increase at hatching (P < 0.05; Figure 3b ). After PH1, pIgR expression in all 3 intestinal sections slowly increased through PH21. In contrast, in ducks, the relative pIgR mRNA level in the cecum was negligible at E24 and not detected in the ileum and cecal tonsil before hatching (Figure 3d, e, f) . From E28, pIgR expression in all 3 sections continuously increased until PH14, at which time the pIgR mRNA level was significantly higher than that at E28 (P < 0.05). From PH14 to PH21, pIgR expression significantly decreased in the ileum and cecum (P < 0.05) and showed a decreasing trend in the cecal tonsil (P = 0.10).
Correlations of pIgR to MUC2 and IgA
Because pIgR functions as the transporter of endogenous IgA into the intestinal lumen as well as the SC from pIgR could attach itself or sIgA into the secretory mucins, the correlations of expression levels of pIgR to IgA and pIgR to MUC2 were calculated. The results in Table 3 show that in the ileum and cecum, pIgR was highly correlated with MUC2 in chickens (r = 0.83 and 0.77, respectively; P < 0.001) and moderately correlated in ducks (r = 0.46 and 0.63, respectively; P ≤ 0.001). However, in the cecal tonsil of both chickens and ducks, pIgR was lowly correlated with MUC2 (r = 0.31 and 0.29, respectively; P = 0.05). In the ileum, cecum, and cecal tonsil, pIgR was highly correlated with IgA in chickens (r = 0.71, 0.73, and 0.83, respectively; P < 0.001), whereas it was moderately correlated with IgA in ducks (r = 0.62, 0.58, and 0.48, respectively; P < 0.001; Table 4 ).
DISCUSSION
The hatching event of the bird exposes the intestinal mucosa to a wide variety of antigens, including commensal and pathogenic microorganisms. Therefore, the mucosal immune development of hatchlings, or neonates, is critically important. The present study addressed the development of components of the first lines of intestinal immune defense, namely the spatiotemporal expression of MUC2, pIgR, and IgA and their correlations among different intestinal compartments in chickens and ducks.
Mucin 2 is the major type of secretory mucin in the intestine and constitutes the mucus covering the epithelium. In mammals, mucus in the colon and stomach consists of both a sterile inner layer that is firmly attached to the epithelial surface and an overlaying loosely attached mucus layer that is thicker and filled with bacteria. In the small intestine, in contrast, only one removable layer is observed, which may be adapted for facilitating nutrient absorption (Atuma et al., 2001; Johansson et al., 2011) . As a physicochemical barrier to prevent microbes from direct contact with epithelial cells, mucus controls microflora colonization in at least two distinct ways. Mucus provides colonization sites and nourishes mucolytic microbes by mucin carbohydrates to many commensal bacteria. In addition, mucus gel entraps invasive bacteria, inhibits their proliferation through corporation with other antimicrobial molecules, and eventually expels them with the luminal flow (Deplancke and Gaskins, 2001; Jiang, 2011; McGuckin et al., 2011) . In this study, intestinal MUC2 gene expression was dramatically increased on the hatching day both in chickens and Table 3 . Pearson correlation of expression levels of pIgR to MUC2 in chickens and ducks.
Pearson correlation Chickens Ducks
PIgR to MUC2 Ileum r = 0.83; P < 0.001 r = 0.46; P = 0.001 Cecum r = 0.77; P < 0.001 r = 0.63; P < 0.001 Cecal tonsil r = 0.31; P = 0.05 r = 0.29; P = 0.05 Table 4 . Pearson correlation of expression levels of pIgR to IgA in chickens and ducks.
PIgR to IgA Ileum r = 0.71; P < 0.001 r = 0.62; P < 0.001 Cecum r = 0.73; P < 0.001 r = 0.58; P < 0.001 Cecal tonsil r = 0.83; P < 0.001 r = 0.48; P < 0.001 ducks, followed by steady expression. These results were consistent with the temporal dynamics of layer-type chicks' MUC2 (Jiang et al., 2013) , which had been linked to a gradual increase in intestinal goblet cells from 18 d of incubation to posthatch 7 d in chickens (Uni et al., 2003) . In addition, the pattern of MUC2 expression was consistent with the reported kinetics of bacterial colonization in the gut. At the time of hatch, bacteria first entering the sterile gut grow exponentially. The bacterial populations in the ileum and cecum can reach 10 8 and 10 10 cfu/g digesta within an hour after hatching (Thompson, 2005; Apajalahti and Kettunen, 2006) . The maximum bacterial density is found to be reached at 3 d posthatch; by that time, the ileum has >10 9 and the cecum has >10 11 cfu/g digesta (Apajalahti and Kettunen, 2006) . Although the bacterial species vary significantly after 3 d posthatch, the bacterial density remains constant (Thompson, 2005; Apajalahti and Kettunen, 2006) . Therefore, it seems that the mucins not only provide a physical barrier to limit the epithelial contact by bacteria but also prepare numerous adhesive sites for rapid bacterial colonization.
Intestinal IgA is the major antibody isotype in the secretions of both mammals and birds (Snoeck et al., 2006; Brisbin et al., 2008) . The ability of intestinal mucosa to produce various antibody affinities in either the TI or the TD pathway is considered crucial for regulation of commensal microbiota as well as defense against enteric pathogens (Everett et al., 2004; Brisbin et al., 2008; Slack et al., 2012) . In this study, the intestinal endogenous IgA, likely in response to commensal bacteria, was poorly expressed during the first week posthatch both in chickens and ducks. Because IgM + B cells generated in the bursa of Fabricius do not emigrate in sufficient numbers to colonize the intestine until 3 to 7 d after hatching (Bar-Shira et al., 2003; Parra et al., 2013) , it is reasonable that endogenous IgA was lowly expressed during the first week. This incomplete structural organization of the secondary lymphoid tissues may also account for the inability of chickens to develop an enteric induced antibody response during the first week posthatch (Mast and Goddeeris, 1999; Bar-Shira et al., 2003). From 7 d posthatch, IgA expression progressively increased, but the increase was relatively slow in ducks. It was reported that the duck IgA heavy chain gene (IGHA) is inverted in the heavy chain locus in the opposite transcriptional orientation (Magor et al., 1999) . This orientation makes IgA class switch recombination (CSR) require an inversion of the entire region spanning IGHM to IGHA, rather than the normal deletion of the upstream IGHM genes in a switch circle as is performed in mammals (Magor et al., 1999) . It is speculated that the inverted IgA CSR in the duck may be cumbersome and related to the delayed production of IgA observed in ducks (Lundqvist et al., 2006; Magor, 2011) . However, the simple correlation of an inverted IgA CSR with delayed IgA production is not supported by evidence from the chicken. The inversion of IGHA gene in chickens is also revealed from indirect PCR evidence (Zhao et al., 2000) . Therefore, the inverted IGHA gene by itself is not linked to inefficiencies of expression. Instead, differences in the way the IGHA genes are regulated may account for delayed IgA expression in ducklings (Lundqvist et al., 2001; Lundqvist et al., 2006) . Notably, the development of IgA is regulated by the presence of intestinal microflora. Previous studies have shown that both intestinal IgA levels and numbers of lamina propria IgA-positive cells were severely reduced in germ-free mice (Macpherson and Harris, 2004; Honda and Takeda, 2009 ) and germ-free pigs (Barman et al., 1996; Cukrowska et al., 2001 ). In addition, results from gnotobiotic mice showed that certain bacterial species, such as segmented filamentous bacteria and clostridia, specifically stimulate the development of IgA-producing cells, whereas other bacterial species of the gut microbiota do not or may inhibit it (Snel et al., 1997; Honda and Takeda, 2009 ). Similar to commensal microbiota work on mammals, the intestinal IgA response of chickens has been shown to increase after treatment with various probiotic species (Yang et al., 2005; Haghighi et al., 2006 ). In the current study, spatial comparisons of IgA expression in chickens showed that the highest IgA expression in the ileum was at PH21, in the cecum it was at PH14, and in the cecal tonsil it was at PH7. These results indicated that IgA maturation in the hindgut was earlier than that in the ileum, which may be partly due to quicker and more abundant bacterial colonization in the hindgut after hatching (Thompson, 2005; Apajalahti and Kettunen, 2006) .
During the absence of intestinal IgA, maternal antibodies, in addition to innate components (such as mucins), may provide protection in chickens. Although no maternal antibodies are obtained from milk as in mammals, it is reported that certain amounts of IgA (approx. 0.3 mg) are transported from the egg albumen to the intestine prior to hatch (Friedman et al., 2012; Bar-Shira et al., 2014) . As shown in this study, endogenous IgA started to increase from the second week posthatch. Therefore, maternal IgA from eggs may be required to be present in the intestinal mucosa of hatchlings for close to a week as a passive immune mechanism. Bar-Shira et al. (2014) suggested that resistance to rapid depletion of maternal IgA may be due to unique uptake by goblet cells, which serve as a reservoir to slowly release maternal IgA along with mucin secretions. Thus, it is plausible that mucins are able to both bind endogenous sIgA and sequester maternal IgA.
In mammals, IgA secreted in the lamina propria has been demonstrated to be transported across the epithelial barrier via the pIgR located on the basolateral side of mucosal epithelial cells (Kaetzel, 2005) . The genes encoding pIgR have been identified in chickens (Wieland et al., 2004) and ducks (Lundqvist et al., 2006) , suggesting this pathway of transport functions is conserved in birds. In addition, Bar-Shira et al. (2014) confirmed the chicken pIgR was basally expressed in the epithelial cells (EC), and its expression pattern on isolated EC was similar to that observed with whole intestinal tissues. The current study showed that pIgR expression in chickens increased significantly in a short time after hatching followed by a gradual increase in expression until 21d posthatch. In contrast, pIgR expression in ducks greatly increased from hatch to 5 d posthatch and remained mildly fluctuant until the end of the third week of life. As IgA expression did not increase until 7 d posthatch, pIgR expression preceded that of IgA both in chickens and ducks. This indicates that the direct antimicrobial activities of pIgR (Phalipon and Corthésy, 2003) preceded the ability to transcytose IgA. Notably, pIgR expression in ducks was relatively delayed, which was likely associated with slow IgA expression in ducks.
Because of the 1:1 stoichiometry between pIgR and polymeric IgA in the formation of sIgA, regulation of pIgR expression thus would control the capacity of intestinal mucosa to provide sIgA in the intestinal lumen. In addition, the secretory component released from unoccupied pIgR would directly provide scavenger properties with respect to bacterial invasion (Phalipon and Corthésy, 2003; Kaetzel, 2005) . In mammals, pIgR expression can be induced by the multiple proinflammatory cytokines, such as interferon-γ (IFN-γ), tumor necrosis factor (TNF), and interleukin-1β (IL-1β) as well as the Th2 cytokine IL-4. These host cytokines can mediate a transcriptional response of the pIgR gene by activating several transcription factorbinding sites in the regulatory regions (Kaetzel, 2005; Lammers et al., 2010; Johansen and Kaetzel, 2011) . Therefore, the reported significant increase of IFN-γ, IL-1β, and IL-4 expression in the second week posthatch (Bar-Shira et al., 2003; Lammers et al., 2010) may be associated with increased expression of the chicken pIgR gene (Lammers et al., 2010) . Microbial antigens also have a direct role in up-regulating pIgR expression through the innate components, such as Tolllike receptors (TLRs) on the epithelial cells, which may further facilitate pIgR response to bacterial colonization of the gastrointestinal tract (Kaetzel, 2005; Johansen and Kaetzel, 2011) .
Because SC (the extracellular portion of pIgR) bridges the IgA into the mucins to perform immune functions, the correlations of expression levels of pIgR to MUC2 and IgA were computed in this study. In the cecal tonsils of chickens and ducks, the low correlation of pIgR to MUC2 and the high correlation of pIgR to IgA may demonstrate that a substantial amount of sIgA produced in the cecal tonsils flows into the other intestinal compartment to provide these immune functions. In ileum and cecum, the high correlation of pIgR to MUC2 and IgA in chickens suggests that the dynamics of pIgR production coincided with the development of mucins and IgA in the first lines of intestinal immune defense. In contrast, moderate correlations in ducks may be due to relatively late pIgR expression and/or associated slow IgA expression.
Taken together, the active expression of avian mucins and pIgR were initiated as early as the hatching day, but intestinal avian IgA was poorly expressed for the first week of life. Therefore, production of the avian IgA transporter (pIgR) and matrix (mucins) preceded that of IgA induction. In addition to supporting the role of IgA in protecting the mucosa, mucins and pIgR were likely able to exert their innate immune functions, such as inhibition of bacteria adhesion to epithelia and neutralization of bacterial toxins. Also, the rapid development of mucins possibly developed numerous adhesive sites for commensal bacteria colonization, which could heavily influence endogenous IgA development. In ducks, the relatively slow and late expression of IgA and pIgR may or may not account for the susceptibility of ducklings to mucosal pathogens at a young age. Future studies should examine modulation of the IgA secretory system by host cytokines and/or microbial antigens in the avian gut to establish the rate and significance of these secretory defenses in broiler chickens and Pekin ducks.
